The current topic related to the evaluation of the nanomechanical properties of nanometer scale surfaces is reviewed and refer to our recent results on the evaluation of the nanomechanical properties of nanoperiod multilayer solid lubricant (WS 2 /MoS 2 )n films deposited by radio frequency (RF) supttering, nanoperiod multilayer (CN/BN)n films deposited by RF sputtering, diamondlike carbon (DLC) films deposited by a bend type filtered cathodic vacuum arc (FCVA) technique and a lubricant on perpendicular-recording magnetic disks. In the field of micro-nano technology, nanoscale evaluation technology is necessary and important for determining surface properties, particularly mechanical properties. The evaluation of thin-film surfaces has been performed by nanoindentation tests and nanoscratch tests using an atomic force microscope. On the other hand, as nanowear tests have enabled the evaluation of the average mechanical properties of a thin-film surface, it has become possible to evaluate a difference of about 0.1 nm by choosing appropriate loads. The properties of vibrational nanoprocessing, surface friction, viscoelastic properties and other dynamic properties can be evaluated by applying a force modulation method using scanning probe microscope (SPM). Moreover, when characterizing a surface it is effective to evaluate mechanical properties and other physical properties simultaneously. Surface damage and lubricant conditions have been studied by measuring the friction force and current distribution in lateral vibration tests.
Introduction
In the fields of information-handling devices such as magnetic disks; biotechnology based on cells, DNA and related biotechnology; and medical technology such as micro-and nanomachines, nanoelectronic devices, and nanosystems, evaluating various surfaces at the nanometer scale has become necessary. For example, the reliability of protective films with thicknesses of 5 nm or less and lubrication films with thicknesses of about 1 nm must be maintained for magnetic disk devices. Moreover, the pattern widths of electronic devices such as very large scale integrated circuits have now reached several tens of nanometers, and nanoscale dynamics are also important in the analysis of biological molecules such as DNA. With the development of these technologies, technology for evaluating the characteristics of the nearsurface of materials and thin films has become increasingly important [1, 2] . In the areas of micro-and nanotechnology, since various manufacturing processes and nanoprocessing methods have been developed, the properties of machined surfaces, particularly their dynamic properties have become very important. Technology for evaluating nanoscale characteristics has therefore become indispensable.
Hardness, elastic modulus and tensile strength are the fundamental mechanical properties of materials. Elastic constants such as the surface elastic constant and Young's modulus of thin films, stiffness and Poisson's ratio are the basis of the mechanical properties [1] . These mechanical properties are evaluated by the ultrasonic pulse method and vibrating-reed technique, and viscoelastic characteristics are also measured by the same techniques. The tensile strength of thin films is another practical and important property and it is usually evaluated by the film tensile strength test and microtensile test. The above-mentioned characteristics are important fundamental properties of thin films. However, the preparation of nanoscale thin films with the desired properties for characteristic measurement is often difficult.
Meanwhile, scanning tunneling microscopy (STM) is widely used as a means of observing surfaces at the atomic scale. Using recently developed microprobes, scanning probe microscope (SPM) has been developed as a method of measuring and observing various characteristics. SPM technology is also very useful in the evaluation of the properties of nanoscale surfaces. For example, by using atomic force microscopy (AFM) to measure the microscopic atomic force based on probe technology, it is possible to evaluate mechanical characteristics at the nanoscale [2, 3] . In this paper, we report on the evaluation of nano-scale mechanical characteristics such as (1) nanoindentation, (2) nanoscratching, (3) nanowear, (4) force modulation and (5) the evaluation of complex physical properties.
Nanoindentation
To accurately evaluate surface mechanical properties, hardness measurement is extensively applied to give an indication of surface intensity because it is relatively easy to perform. There are three hardness measurement methods for films: (1) expressing the hardness in terms of the deformation formed by pressing an indenter on a superhard material; (2) dynamically deforming or indenting a surface to obtain the rebound hardness or dynamic hardness. In this method, a diamond-tipped hammer is dropped from a fixed height onto the test surface and the hardness is expressed in terms of the energy of impact and the size of the resulting indentation; and (3) measuring the hardness by scratching using a high-hardness material. In general, the hardness measured using method (1) method is called indentation hardness. In the evaluation of a surface film, the results obtained are affected by the underlying substrate because the surface film may be penetrated when the indentation load is large. For this reason, so-called nanoindentation tests have been applied since hardness cannot be evaluated using conventional microhardness tests.
In a nanoindentation test, which uses a piezoelectric element, the indentation depth (h) of a test sample is measured by a displacement sensor during the application of ultrasmall loads (with a magnitude ranging from µN to mN) by a diamond indenter, from which the mechanical properties of the surface layer of monolayer thickness of a solid thin-film are evaluated. The mechanical properties of diamondlike carbon (DLC) films deposited by a bend type filtered cathodic vacuum arc (FCVA) technique have been investigated. Figure 1(a) shows a curve obtained by FCVA-DLC nanoindentation measurement [4] . The indentation hardness, H, is determined by the maximum load, W, divided by the residual indentation area, Ar, i.e., H = W/Ar. The Young's modulus, E, is calculated as the slope of the stress-strain unloading curve [1, 3] . Furthermore, the plasticity index indicating the plastic deformability of materials, E/H, can be evaluated [1, 4] . Deformation energy analysis is also effective for evaluating the mechanical properties of thin films [4, 5] . The total deformation energy (S1+S2) due to nanoindentation is calculated as the integral of the loading curve. The storage energy (S2) is calculated as the integral of the unloading curve, and the dissipated energy (S1) is evaluated as the total energy minus the storage energy. The dissipation modulus is calculated as the dissipated energy divided by the total deformation energy. Figure 1(b) shows that the curve of the dissipation modulus for an E/H of FCVA-DLC as functions of hardness. The dissipation modulus and E/H decrease with increasing hardness, indicating that plastic deformation hardly occurs. The value of E/H for most materials is 14 to 20 [1] . On the other hand, for DLC films prepared by the FCVA technique under suitable conditions, E/H = 7.0, which is a significantly low value. This value indicates that the FCVA-DLC film has a high resistance to plastic deformation. 
Nanoscratching
The scratch test is a commonly used technique to measure the friction force and the depth of friction marks and involves scratching a film surface with a sharp stylus made of a hard material. The scratch hardness, shear strength and the adhesion of the film are investigated by scratch technique. It is also possible to evaluate the mechanical properties of a thin-film surface using a nanometer-scale scratch test. Figure 2 shows the nanoscratch properties of nanoperiod multilayer solid lubricant (WS 2 /MoS 2 )n films deposited with a period of several nanometers [6] . A sample was moved horizontally and simultaneously scratched by a tip, with the load gradually increased during scratching. The friction force and the depth of scratch marks were evaluated in this scratch test. The nanoperiod multilayer (WS 2 /MoS 2 )n films exhibited smaller friction coefficients and shallower scratch depths than WS 2 and MoS 2 monolayer films, indicating that the nanoperiod multilayer films have good tribological properties. These films also had better macrotribological characteristics those of the single layers, with a low friction coefficient of 0.04 (µ= 0.04) and a significantly longer friction life. In the scratch test for determining the adhesion strength of films, as the load is gradually increased during scratching, adhesion and cohesion failures between the film and substrate are generated. The minimum load at which failures on the film surface occur is called the critical load, which is used as a measure of the adhesion force [1] . For a layered crystal material such as muscovite mica, wear of the muscovite mica surface to a depth of about one layer occurs at a certain load and the atomic scale profile of the bottom of wear grooves has been observed [7] . On the basis of these phenomena, 1-nm-deep mechanical processing has been performed [8] . Moreover, the shapes of the wear areas destroyed by scratching have been evaluated at the atomic scale by AFM. This method has been applied in the evaluation of thin-film surfaces. 
Nanowear
In the hardness measurement of ultrathin films, the film hardness is measured at ultralow loads to avoid the effect of the substrate. During measurement, an error occurs owing to the variation of conditions on the film surface; therefore, nanowear tests over a square region on the surface have been introduced to reduce the error by averaging [4, 9] . For instance, the nanowear properties of nitrogen-containing carbon (CN) films were evaluated by scanning at the same way as that in AFM [9] . Since the surface roughness of thin films changes with the film deposition conditions, this also leads to a change in the nanoindentation hardness of the film. Although reliable evaluation is difficult, the effect of nitrogen content on the properties of a CN film has been clarified by nanowear tests over a square region. The wear depth of the CN film was about one-tenth that of C (carbon) films. Thus, a clear difference between CN and C films was detected [9] .
Atomic-scale wear can also be evaluated by selecting appropriate loading conditions for nanowear tests. Figure 3 shows the dependence of nanowear shape on the bias voltage for FCVA-DLC films. A difference in wear depth on the order of approximately 1 nm, equivalent to an atomic radius can be evaluated from the profile of friction surfaces obtained by applying various bias voltages. Therefore, appropriate conditions for film deposition can also be clarified [4] .
Nanoperiod multilayer films, which have been used in semiconductor lasers and other fields, are being applied to the formation of rigid films. The improvement of the hardness of the nanoperiod multilayer films is attributed to the control of dislocation and defect migration by increasing the strain energy at the boundary between layers and by changing the 
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Maximum wear depth Sample microscopic crystalline structure. However, it is not clear why nanoperiod multilayer films exhibit a maximum hardness at a period of a certain number of layers. In an attempt to understand the mechanism of nanoperiod multilayer films, nanowear behavior has been studied in atomic-scale tests while systematically changing the test conditions [10] . Figure 4 shows the nanowear properties of 2-, 4-and 8-layer-period carbon nitride and boron nitride (CN/BN)n multilayer deposited by radio frequency (RF) sputtering [10] . As shown in Fig. 4(a) , the wear depth increases with the number of friction cycles. It was found that the wear rate was zero at wear depths corresponding to multiples of the layer thickness [11] . That is, the progression of wear was suppressed owing to the boundary between the layers of the multilayer film. The effect of the prevention of defect progression can be evaluated from the number of friction cycles at which the progression of wear is suppressed [10, 11] . Furthermore, utilizing the phenomenon that the progression of wear was suppressed owing to the boundary, the nanoprocessing of a layer of 1 nm thickness has been realized by selecting an appropriate number of friction cycles as shown in Fig. 4(b) . 
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Force modulation method
Using SPM with a force modulation method, it is possible perform vibration processing and evaluate the surface friction force, viscoelasticity and dynamic properties. Force modulation involves the application of a vertical [12] and horizontal [13] vibration while modulating the force. To investigate the effect of the boundary of a multilayer film on defect suppression, the evaluation of the boundary is necessary. Figure 5 (a) shows a model of the boundary of a 2-nmperiod multilayer film. The multilayer film was prepared by depositing C and BN layers alternately, and compound layers, i.e., boundaries, were formed between the C and BN layers owing to the deposition method [14] . It is difficult to evaluate the boundary of a multilayer film using conventional surface analysis methods since the boundary thickness is only several nanometers. To improve the smoothness resulting from surface processing and the processing efficiency, when a sample is processed by sliding with a tip subjected to a load, a vibration perpendicular to the scanning direction is applied to the sample. The processed part is observed by scanning using the same tip with a light load and an expanding scanning range. The shape of the processed part and the friction force can be investigated by the lateral force modulation method. As a result, it becomes possible to control the processing depth by vibration processing. Processing to a depth of the boundary of C-BN films has been realized. Figure 5(b) shows the relationship between processing depth and friction force. When the processing depth increased from 0.5 to 1.1 nm, the vibration amplitude image, i.e., the friction force significantly increased. The processing depth of 1.1 nm is considered to correspond to the thickness of the C-BN mixed layer of the C-BN film. At a shallow depth, the first layer mostly consists of carbon (C), and the friction force is small owing to the C layer. As the processing depth increases and the BN layer is reached, the friction force increases owing to the proportion of BN increasing. As shown in Fig. 5(b) , the range in which the friction force is increasing is 0.6 nm corresponding to the thickness of the C-BN mixed layer, which was formed by the alternate use between the C and B targets during deposition. To ensure the reliability of magnetic disk devices, improving the nanotribological properties has become important. Therefore, it is necessary to clarify the performance of the lubricating film and protective film on the disk surface when subjected to friction. Thus, the effects of a lubricant on the protective films, such as the effect of a 1-nm-thick lubricating layer on preventing surface fracture [15] and the effect of supplying a lubricant [16] , have been evaluated by lateral vibration friction tests.
To investigate the behavior of a lubricant on perpendicular-recording magnetic disks as shown in Fig. 6 , scanning friction tests over a square region on a disk have been performed using the lateral modulation friction force microscopy (LM-FFM) and viscoelasticity AFM (VE-AFM) in the vertical force mode. The friction force and viscoelasticity were evaluated from the vibration properties in the lateral and vertical directions [17] . Figure 7(a) shows profile AFM images of the surface shape and phase of a perpendicular-recording magnetic disk measured by AFM using force modulation [17] . The crystal grains on the magnetic layer of perpendicular-recording magnetic disks with and without heat curing were observed [17] increased owing to the added vibration. In particular, the wear depth significantly increased upon applying a lateral vibration to the sample, for which the wear was greatest. Figures 7(b) and 7(c) show friction force distributions of the wear area on the perpendicular magnetic disks without and with heat curing [17] . In the case of the uncured disk, as shown in Fig. 7(d) , the friction force in the wear area decreased, compared with that in the non-wear area [17] . On the other hand, for the heat-cured perfluoropolyether (PFPE) lubricant film on the magnetic thin DLC-film-coated disk, the friction force in the wear areas increased, compared with those in the non-wear areas. It was also found that the friction force in the wear area markedly increased upon adding a lateral vibration to the sample. Moreover, it is thus possible to evaluate the quantity of the existing lubricant by measuring the viscoelasticity in the wear area using the vertical force modulation mode. For the uncured PFPE lubricant films on magnetic thin DLC-film-coated disks, it has been clarified that the lubricant is supplied to the wear area by friction. On the other hand, for DLC disks subjected to curing, the viscoelasticity in the wear area was lower, compared with that in the non-wear area. This suggests that the lubricant that was solidified as a result of the heat curing was removed by the vibration friction. In the same friction test on the uncured DLC disk, it was confirmed that free lubricant was supplied from the grooves on the crystal grain layer of the DLC surface. Furthermore, with the aim of reducing automobile engine friction, DLC-containing Ti films have been investigated. It was found that DLC-containing Ti films have excellent boundary lubrication properties. To clarify their mechanism of friction reduction, a force modulation method has been used to evaluate the viscoelastic properties of the reaction products generated by a tribochemical reaction. 
Simultaneous evaluation of mechanical properties and other physical properties
When characterizing a surface, it is effective to evaluate mechanical properties and other physical properties at the same time. For instance, to clarify the effect of an ultraviolet irradiation (UV) curing process on a magnetic disk lubricant, a lateral vibration friction test was performed with force modulation. The surface damage and lubricant conditions were evaluated from the friction and current distributions during the lateral vibration friction test. As shown in Fig. 8 , for the UV-treated magnetic disk, the lubricant around the wear groove expanded, whereas for the untreated magnetic disk, the lubricant flowed into the center of the wear grooves, where the current decreased [19] . Finally, nanoprocessing is becoming important in nanotechnology [20] . In evaluating the effectiveness of nanoprocessing, the surface evaluation can be effectively evaluated by evaluating mechanical properties as well as complex properties including electrical properties, chemical properties, magnetic properties and other physical properties. 
Conclusion
With the development of nanotechnology, the size of machinery is becoming increasingly small. Owing to the increasing focus on the properties of surfaces, the development of technology for evaluating the mechanical properties of thin film surfaces is becoming indispensable. Future developments are expected as a result of current research and development. 
